If the time-temperature indicator (TTI) experienced a different temperature than the accompanied packaged food, influenced by heat transfer between the TTI, package, and ambient air, TTI would incorrectly predict the food quality changes with temperature. Temperature distributions of a finite slab with different sizes, representing beef packaged with TTI, were estimated by the finite element method (FEM). The thermal properties of the beef and TTI, such as heat capacity, density, and heat conductivity, were estimated from the relevant equations using their chemical compositions. The FEM simulations were performed for three cases: different locations of TTIs on the beef, different thicknesses of beef, and non-isothermal conditions of ambient air. The TTIs were mounted in four different locations on the beef. There was little difference in temperature between four locations of the TTI on the package surface. As the thickness of the slab increased, the temperature of the TTI changed faster, followed by the corner surface, as well as middle and bottom parts, indicating the possible error for temperature agreement between the TTI and the slab. Consequently, it was found that any place on the package could be selected for TTI attachment, but the package size should carefully be determined within a tolerable error of temperature.
Introduction
A successful indicator known as the time-temperature indicator (TTI) shows certain colors representing accompanying food quality under time-temperature experiences during storage (Bobelyn et al., 2006; Kerry et al., 2006; Lee and Lee, 2008; Vailkousi et al., 2009) . TTIs can be mounted on food packages and their configurations can differ according to package size and geometry. As for fish packages, TTIs have been attached on the outside, inside, and center of the package box (Giannakourou et al., 2005) . However, depending on the location of the TTI and the geometric condition of the package, the temperatures that the TTI and package experience would be different due to heat transfer between the surrounding air, TTI, and food package, all having different thermal properties. Unfortunately, any attempt in this aspect has not been reported, even though TTI has been known for a long time. Therefore, examinations are necessary to determine how temperatures differ by conditions of TTIs and attached packages in terms of size, geometry, and thermal properties.
TTIs can be classified into diffusion, polymer, microbial and enzymatic TTIs. Diffusion based TTIs are dependent on the diffusion system of a coloured chemical substance such as an ester, along a porous wick designed from blotting paper. Polymer based TTIs operate by polymerization reactions in which colorless diacetylene crystals polymerize via 1,4 addition polymerization to a highly coloured polymer. Microbial TTI has irreversible color change due to a pH decrease as a result of microbial growth and metabolism of the growth medium (Ellouze et al., 2008; Vaikousi et al., 2009) . Enzymatic TTIs are the most commonly used for many reasons (Mehauden et al., 2007) . This indicator consists of two separate compartments. One compartment contains an aqueous solution of lipolytic enzymes such as pancreatic, and another contains the lipid substrate suspended in an aqueous medium and a pH indicator mix. Since TTIs, especially the enzymatic type, contain some mass, the TTI mass may influence heat transfer by its use on packages. Although TTI locations on packages can affect heat transfer, a center A sensor is defined as a device used to detect, locate, or quantify energy or matter, giving a signal for the detection or measurement of a physical or chemical property to which the device responds (Floury et al., 2008; KressRogers, 1998 ). Sensor performance is typically evaluated in terms of sensitivity, range, resolution, and response time, etc. Sensitivity is the minimum input of a physical signal that will create a detectable output range. The range indicates the maximum and minimum values of the applied parameter that can be measured. Resolution is the minimum detectable signal fluctuation of the input parameter that can be detected in the output signal (Kenny, 2005) . Lastly, the response time can be defined as the time required for the sensor output to change from its previous state to a final settled value. In temperature measurements, response time is influenced by the size and shape of the sensor and thermal properties of the objects (Alabbas et al., 1996) . Even in TTI applications, the geometrical conditions and thermal properties of TTIs and food packages can affect the response times of TTIs and food packages to surrounding air temperature during storage.
As a result, experiments should be performed to determine if there are differences in temperature between TTIs and packages during storage. The temperatures throughout a package should be different, in other words, a TTI can only represent its attached location. The heat transfer in a package, if large enough, is governed by internal resistance rather than external resistance. In fact, these internal and external resistances can be differentiated by Biot numbers (N Bi =internal resistance to heat transfer/ external resistance to heat transfer). If N Bi <0.1, heat transfer is governed by external resistance; if 0.1<N Bi <40, heat transfer is governed by both external and internal resistance; and if N Bi >40, heat transfer is governed by internal resistance (Batty and Folkman, 1983) . In particular, when governed by internal resistance, the object size is significantly large like in regular TTI mounted packages. Incidentally, thermal properties such as conductivity, heat capacity, density, and heat transfer coefficient between an object and ambient air also influence internal resistance. If there are significant differences between the temperatures that a TTI and food experience due to factors of internal resistance, food quality would be incorrectly predicted from the TTI.
Predictions of temperature change with respect to time and location under unsteady state conditions are usually resolved by numerical methods rather than analytical methods (Nicolai et al., 2001) . The finite element method (FEM) is a commonly used technique that can manage irregular geometries, analyze non-homogeneous and nonisotropic food products, and is generally more accurate (Pandit and Prasad, 2003; Puri and Anantheswaran, 1993) . FEM was initially applied in the stress analysis of complicated constructions, and then evolved to versatile solutions for fluid and solid mechanics, and heat and mass transfer. Particularly in food areas, FEM can provide successful solutions for cooking, cooling, thawing, microwave heating, etc (Wang and Sun, 2002a) . Chen et al. (1993) and Pandit and Prasad (2003) predicted the temperature distribution of potatoes during microwave heating by using FEM. Wang and Sun (2002b) used FEM to evaluate the performance of slow air, air blast, and water immersion cooling methods for various sizes of meat. Santos et al. (2010) found the optimum heating conditions for minimizing E. coli O157:H7 levels in sausage by simulating the temperature of sausage during heating using FEM. FEM has been widely applied to the freezing of beef (Sun and Zhu, 1999) , frying of sweet potato (Farinu and Baik, 2008) , drying of carrots (Aversa et al., 2007) , thawing of model food substances (Abdalla et al., 1985) , and the distribution and storage of grain (Jia et al., 2000) . Overall, FEM provides practical numerical solutions for heat transfer related subjects.
In this study, we attempted to analyze possible differences in temperature between TTIs and food packages during storage. The temperatures were mathematically simulated by FEM under conditions of different food package sizes and TTI locations on packages, as well as dynamic ambient air temperatures. Temperature response times were also used to examine temperature discrepancies. A fictitious food and an enzymatic TTI based on a lipase-triglyceride mixture (Yoon et al., 1994) were used. The thermal properties of the food and TTI were calculated using empirical equations (Choi and Okos, 1985) .
Materials and Methods
It was assumed that the fictitious TTI and food package systems would be exposed to ambient air and the surface put at the bottom insulated. Temperature distributions were calculated with FEM throughout the system according to storage time. The examined temperature spots in the food package (a fictitious beef) are shown in Fig. 1 . TTIs (fictitious TTI referenced from Yoon et al. (1994) ) were located in various places on the food package as shown in Fig. 2. 
